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Positioning type A GABA receptors (GABAARs) in
front of GABA release sites sets the strength of in-
hibitory synapses. The evolutionarily conserved Ce-
Punctin/MADD-4 is an anterograde synaptic orga-
nizer that specifies GABAergic versus cholinergic
identity of postsynaptic domains at the C. elegans
neuromuscular junctions (NMJs). Here we show
that the Ce-Punctin secreted by GABAergic motor
neurons controls the clustering of GABAARs through
the synaptic adhesion molecule neuroligin (NLG-1)
and the netrin receptor UNC-40/DCC. The short iso-
form of Ce-Punctin binds and clusters NLG-1 post-
synaptically at GABAergic NMJs. NLG-1 disruption
causes a strong reduction of GABAAR content at
GABAergic synapses. Ce-Punctin also binds and lo-
calizes UNC-40 receptors in the postsynaptic mem-
brane of NMJs, which promotes the recruitment of
GABAARs by NLG-1. Since the mammalian orthologs
of these genes are expressed in the central nervous
system and their mutations are implicated in neuro-
psychiatric diseases, this molecular pathway might
have been evolutionarily conserved.
INTRODUCTION
A cardinal feature of chemical synapses is the presence of
postsynaptic neurotransmitter receptors at high concentration
in register with the presynaptic neurotransmitter release sites.
Models to explain the formation of postsynaptic specialization
at GABAergic synapses in mammals are dominated by the
role of a core scaffolding protein, gephyrin (Fritschy et al.,
2012; Vithlani et al., 2011). Gephyrin interacts directly with
GABAA receptors (GABAARs) and regulates their trafficking
and cell surface dynamics. Self-oligomerization of gephyrin is
proposed to generate multimeric complexes at the postsynaptic
density (PSD) of GABAergic synapses that recruit and stabilize
GABAARs in the postsynaptic membrane. The adaptor protein
collybistin, a Rho-guanine nucleotide exchange factor, links
gephyrin to plasma membrane phosphoinositides through its
pleckstrin homology domain. This interaction is stimulated by
the interaction of collybistin with neuroligin-2, a synaptic adhe-sion molecule that also binds gephyrin (Poulopoulos et al.,
2009) and is preferentially found at GABA synapses (Varoqueaux
et al., 2004), thus providing a mechanism for the localization of
GABAARs at inhibitory PSDs.
However, the molecular heterogeneity of inhibitory synapses
appears increasingly complex, apart from the diversity of
GABAARs found at inhibitory synapses. This was best exempli-
fied by the analysis of genetic mouse models where the expres-
sion of proteins found at inhibitory PSDs was invalidated. For
example, GABAARs still form functional synaptic clusters in the
retina or in hippocampal cultures from gephyrin knockout mice
(Kneussel et al., 2001; Levi et al., 2004) (for complete discussion,
see Tyagarajan and Fritschy, 2014), even though there is a
drastic reduction of detectable GABAAR clusters in most brain
regions. Similarly, in Arhgef9 null mouse where collybistin is no
longer expressed, there were no apparent defects in hippocam-
pal interneurons and cerebellar granule cells, while the clustering
of gephyrin and GABAARs was impaired in cortical pyramidal
cells (Papadopoulos et al., 2007, 2008). From an evolutionary
perspective, bona fide GABAergic synapses with clustered
GABAA receptors are found in invertebrates such as the nema-
tode C. elegans where gephyrin and collybistin do not exist
(Bamber et al., 1999; Gally and Bessereau, 2003; Lenfant
et al., 2014). Here we used the C. elegans neuromuscular junc-
tion (NMJ) as a genetically tractable system to identify additional
mechanisms supporting the formation of GABAergic postsyn-
aptic domains.
Body-wall muscle (BWM) cells in C. elegans are mononucle-
ated and send dendrite-like extensions, the muscle arms, that
reach the motor neuron axons running in the ventral and dorsal
nerve cords (White et al., 1986). Muscle arms then elongate
along the anteroposterior axis and form en passant synapses
with motor axons. Each muscle cell receives both inhibitory
and excitatory innervation from GABAergic and cholinergic
motoneurons, respectively (White et al., 1986). A single genetic
locus, unc-49, encodes all the GABAARs expressed in BWM.
It encodes three distinct subunits generated by alternative
splicing of a common premessenger RNA (Bamber et al.,
1999). GABAARs are clustered in front of GABAergic boutons.
Clustering requires presynaptic innervation but does not
depend on GABAergic transmission, since wild-type clusters
are present in mutants that do not synthesize GABA (Gally
and Bessereau, 2003).
Significant progress in understanding the molecular mecha-
nisms involved in inhibitory NMJ formation recently came from
the characterization of the Ce-Punctin gene (Pinan-Lucarre´Neuron 86, 1407–1419, June 17, 2015 ª2015 Elsevier Inc. 1407
et al., 2014) (also known as madd-4; (Seetharaman et al., 2011),
which controls the coupling of neurotransmitter-specific recep-
tor localization with neurotransmitter release sites at C. elegans
NMJs. Ce-Punctin encodes three isoforms of an ADAMTS-like
protein orthologous to the poorly characterized mammalian
punctin-1 (ADAMTSL1) and punctin-2 (ADAMTSL3) proteins
(Apte, 2009). ADAMTS-like are secreted modular proteins of
the extracellular matrix that contain domains similar to ADAMTS
proteases but lack the metalloprotease and disintegrin amino-
terminal domains characteristic of ADAM proteases. Ce-Punctin
(MADD-4) isoforms behave as anterograde synaptic organizers.
Specifically, the long MADD-4 isoforms (MADD-4L) are secreted
by cholinergic motoneurons in the synaptic cleft of excitatory
NMJs where they trigger postsynaptic clustering of ionotropic
acetylcholine receptors (AChRs). The short isoform MADD-4B
is expressed by cholinergic and GABAergic motoneurons. It
is required to maintain GABAAR clusters in register with presyn-
aptic GABA boutons and inhibit inappropriate recruitment of
GABAARs at cholinergic NMJs by MADD-4L (Pinan-Lucarre´
et al., 2014).
Downstream of MADD-4, the clustering of L-AChR (levami-
sole-sensitive acetylcholine receptor) is well characterized. It
relies on strictly extracellular interactions with three muscular
proteins: LEV-10, a transmembrane CUB domain protein (com-
plement, Urchin epidermal growth factor, bone morphogenetic
protein), LEV-9 and OIG-4, which are secreted proteins contain-
ing CCP (complement control protein), and immunoglobulin do-
mains, respectively (Gally et al., 2004; Gendrel et al., 2009; Rapti
et al., 2011). In contrast, the proteins involved in the clustering
of the GABAAR UNC-49 were unknown. Because the sole
C. elegans ortholog of neuroligins, nlg-1, is expressed in
BWM but has no assigned function in these cells (Hu et al.,
2012; Hunter et al., 2010), we hypothesized that NLG-1 might
be involved in the organization of postsynaptic domains at
GABAergic NMJs.
By using imaging and electrophysiology techniques, we show
that NLG-1 is a component of the postsynaptic membrane
that specifically clusters GABAAR at the inhibitory NMJ.
MADD-4B physically interacts with the extracellular domain of
NLG-1 and ensures the specific localization of NLG-1 at
GABAergic NMJs. In parallel, we performed a genetic screen
for UNC-49 mislocalization and identified a mutant allele of
unc-40, which encodes the ortholog of the netrin receptor DCC
(deleted in colorectal cancer) in mammals. MADD-4B binds to
UNC-40, recruits UNC-40 at postsynaptic sites, and likely acti-
vates a signaling pathway that favors the interaction between
NLG-1 and GABAAR. These results therefore identify MADD-
4B as a new ligand of neuroligin that functions as a central anter-
ograde organizer of GABAergic synapses.
RESULTS
MADD-4B Controls the Localization of NLG-1 at
GABAergic NMJs
To investigate whether NLG-1 might play a role at NMJs, we
analyzed the subcellular distribution of NLG-1 using a single-
copy transgene expressing a NLG-1-RFP fusion under the con-
trol of a muscle-specific promoter. NLG-1-RFP formed clusters1408 Neuron 86, 1407–1419, June 17, 2015 ª2015 Elsevier Inc.exclusively detected at GABAergic synapses (Figures 1A and
1C). In madd-4B(0) mutants that do not express the short Ce-
Punctin (MADD-4B) isoform at GABA NMJs, the overall amount
of NLG-1-RFP at the nerve cords remained unchanged, but
it redistributed partly to cholinergic NMJs (Figures 1B–1D and
see Figures S1A and S1B available online). Removal of the
long MADD-4 isoforms in madd-4L(0) mutants did not modify
NLG-1 distribution (Figures S1C and S1D). Inmadd-4(0) animals
that lack both short and long MADD-4 isoforms, NLG-1-RFP
nearly disappeared from NMJs (Figure 1D). Conversely,
MADD-4B and MADD-4L distribution was not affected by the
loss of NLG-1 (Figures 1E, 1F, and S2). In addition, NLG-1 local-
ization was not affected by removal of GABAARs in unc-49
mutants (Figures S1E–S1H).
Altogether, this suggested that the short isoform of MADD-4,
which is secreted by GABA motoneurons and localizes in
the synaptic cleft (Pinan-Lucarre´ et al., 2014), caused NLG-1
clustering in the postsynaptic membrane of GABAergic
NMJs. In madd-4B(0) mutants NLG-1 was likely recruited by
the long MADD-4 isoforms present at cholinergic NMJs.
Recruitment of NLG-1 by MADD-4 long isoforms might be in-
hibited in the wild-type by the heteromeric interactions shown
to occur between the long and the short MADD-4 isoforms
(Pinan-Lucarre´ et al., 2014). However, the absence of redistri-
bution of NLG-1 in madd-4L(0) mutants, which contain the
short Ce-Punctin at both cholinergic and GABA NMJs, sug-
gests that an additional factor is involved in the retention of
NLG-1 at GABA NMJs.
NLG-1 Acts in the Muscle Cell to Promote GABAAR
Clustering
We then tested whether NLG-1 might control the localization of
the UNC-49 GABAAR present at inhibitory NMJs (Bamber
et al., 1999). In the wild-type, UNC-49 clusters were readily de-
tected by immunofluorescence in front of GABAergic pre-synap-
tic boutons (Figures 2A and 2F). In nlg-1(0) null mutants GABAAR
content at the nerve cords was decreased by 45% (Figure 2G),
as quantified using a single-copy transgene expressing func-
tional fluorescent UNC-49-RFP subunits under the control of
the unc-49 promoter (Pinan-Lucarre´ et al., 2014). The remaining
GABAARs relocalized partly at cholinergic synapses (Figures 2B,
2F, S3A, and S3B). Presynaptic GABA boutons were wild-type
(Figure S3G), and AChR distribution was unaltered (Figures
S4A and S4B).
NLG-1 is expressed in muscle and in several neuronal classes
including cholinergic motoneurons (Hu et al., 2012; Hunter et al.,
2010). To identify in which cells NLG-1was required, we used tis-
sue-specific promoters to drive NLG-1 expression in nlg-1(0)
mutants. GABAAR localization defects were rescued by expres-
sion of NLG-1 in muscle, but not in neurons (Figures 2E, 2F, S3E,
and S3F), indicating that NLG-1 works cell-autonomously to
cluster GABAAR.
NLG-1 Acts Downstream of MADD-4B to Localize
GABAARs
To test if MADD-4B and NLG-1 work in the same pathway, we
analyzed the distribution of GABAARs inmadd-4B and nlg-1 sin-
gle and double mutants. In madd-4B(0), GABAARs redistributed
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Figure 1. MADD-4B Controls the Localiza-
tion of NLG-1 at GABAergic NMJs
(A and B) Confocal detection of NLG-1-RFP
expression in muscle cells of wild-type andmadd-
4B(0)(tr185) mutants. juIs1[Punc-25::SNB-1-GFP]
(synaptobrevin-GFP) labels GABAergic boutons.
The fluorescence profiles indicate SNB-1-GFP
and NLG-1-RFP fluorescence intensities along the
nerve cord from the pictures above.
(C) Pearson’s correlation coefficient between the
fluorescence levels of NLG-1-RFP in muscle and
SNB-1-GFP in GABAergic boutons. Box and
whisker plots show median, lower, and upper
quartiles, and whiskers represent the 10%–90%
range of the data. Mann-Whitney test. ***p < 0.001.
(D) Fluorescence intensity of NLG-1-RFP at NMJs
(mean + SEM) in wild-type,madd-4B(0)(tr185), and
madd-4(0)(kr270) animals. One-way ANOVA test
(p < 0.0001) followed by Tukey’s multiple com-
parisons test. ***p < 0.001; NS, not significant.
(E and F) Immunofluorescence (IF) staining
of MADD-4B-GFP (anti-GFP antibodies) and
GABAergic boutons (anti-Myc in nematodes ex-
pressing SNB-1-Myc in GABAmotoneurons) in the
wild-type and the nlg-1(0)(ok259) mutant.
The number of animals analyzed is indicated for (C)
and (D). Scale bars, 10 mm. See also Figures S1
and S2.to cholinergic NMJs (Figures 2C, 2F, and S3C) (Pinan-Lucarre´
et al., 2014), similarly to what was observed for NLG-1. The over-
all content of GABAAR ofmadd-4B(0)mutants was similar to that
of the wild-type (Figure 2G), suggesting that the NLG-1 present
at cholinergic synapses in this mutant was able to recruit
GABAARs. Accordingly, the amount of GABAAR in a madd-
4B(0); nlg-1(0) double mutant was similar to that of the nlg-1(0)
single mutant (Figures 2D, 2G, and S3D). These data suggest
that NLG-1 is acting downstream of MADD-4B to localize
GABAARs at GABAergic NMJs.
To strengthen these hypotheses, we performed an electro-
physiological analysis of GABAergic transmission in these mu-
tants. First, we recorded the total current elicited by pressure
application of GABA on BWM cells and observed no difference
between nlg-1(0), madd-4B(0), madd-4B(0); nlg-1(0), and wild-
type animals (Figure 2H). This indicated that in the absence of
NLG-1 or MADD-4B GABAARs remained expressed and func-
tional despite their mislocalization in the mutants. Second, we
recorded spontaneous miniature inhibitory postsynaptic cur-
rents (mIPSCs) in BWM cells of nlg-1(0)mutants. Both frequency
and amplitude of mIPSCs were reduced in agreement with
decreased GABAAR density in front of GABA release sites (Fig-Neuron 86, 1407–141ure 2I). By contrast, miniature excitatory
postsynaptic currents (mEPSCs) were
unchanged (Figure S4C). Similar results
were obtained in madd-4B(0) and madd-
4B(0); nlg-1(0) mutants, except for a
change of the average size of mEPSCs
in these mutants which we did not inves-
tigate further. Altogether these data
confirm that NLG-1 and MADD-4B likelyact in the same pathway to localize GABAARs at GABAergic
NMJs.
MADD-4B Binds to the NLG-1 Extracellular Domain
NLG-1 is composed of a single N-terminal acetylcholines-
terase-like domain with no catalytic activity, a type I transmem-
brane region, and a short cytoplasmic C-terminal tail with a
PDZ domain-binding motif (Hunter et al., 2010). To identify
which domains are required for GABAAR synaptic clustering,
we expressed truncated versions of NLG-1-GFP in nlg-1(0)
BWM. Deletion of the intracellular domain severely impaired
the ability of NLG-1 to cluster GABAAR at synapses, while it
did not affect its synaptic localization. Interestingly, the sole
deletion of the last 13 C-terminal residues that contain a PDZ-
binding motif was almost as detrimental as the deletion of the
entire intracellular domain, suggesting an interaction with a
yet-unidentified PDZ-binding partner. Deletion of the extracel-
lular domain severely impaired NLG-1 trafficking to the synapse
and completely abolished the GABAAR clustering activity of
NLG-1 (Figure 3A).
Since NLG-1 depends on MADD-4B for its localization at
GABA synapses, we tested if NLG-1 would directly bind9, June 17, 2015 ª2015 Elsevier Inc. 1409
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Figure 2. NLG-1 Acts in the Muscle Cell to Promote GABAAR Clustering
(A–E) IF staining of GABAergic boutons (anti-GFP in juIs1 transgenic worms) and GABAARs (anti-UNC-49/GABAAR) in wild-type, nlg-1(0)(ok259),
madd-4B(0)(tr185), and madd-4B(0); nlg-1(0) animals, and in a rescuing strain expressing NLG-1 specifically in the BWM of the nlg-1(0) mutant (nlg-1(ok259);
Pmyo-3::NLG-1). The fluorescence profiles indicate SNB-1-GFP and GABAAR staining intensities from pictures above.
(F) Pearson’s correlation coefficient between the fluorescence levels of SNB-1-GFP (IF, juIs1) and UNC-49 (IF, anti-UNC-49/GABAAR) along the cords. Data are
presented as in Figure 1C. Kruskal-Wallis test (p < 0.0001) followed by Dunn’s post test. ***p < 0.001; *p < 0.05; NS, not significant.
(legend continued on next page)
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Figure 3. MADD-4B Binds the NLG-1 Extracellular Domain to Localize GABAARs
(A) Rescue of UNC-49-RFP distribution in nlg-1(0)(ok259) mutants after expressing full-length and truncated versions of NLG-1-GFP in BWM cells.
Rescueefficiencywas scoredblind and is indicatedwithblack, dark gray, light gray, andopenboxes (see theExperimental Procedures for details). Chi-square test,
***p < 0.001; *p < 0.05. The number of animals analyzed is indicated. The subcellular distribution of full-length or truncated versions of NLG-1-GFP is shown in
correspondingpanelson the right.Whitearrowheadspoint to thenervecord. Largenonsynaptic aggregatesareobservedwithNLG-1-GFPDEcto.Scalebar, 10mm.
(B) The soluble extracellular domain of NLG-1 fused to Fc fragment (NLG-1-Fc, lanes 2 and 3) or the Fc fragment alone (lanes 4 and 5) were coexpressed with
MADD-4B-GFP (lanes 2 and 4) or GFP alone (lanes 3 and 5) in HEK293 cells. Immunoprecipitation with anti-GFP antibodies coimmunoprecipitated MADD-4B-
GFP and NLG-1-Fc (lane 2).
(C) NLG-1 and GABAARs interact in vivo. NLG-1-GFP (krSi10) was expressed in muscle cells of transgenic worms along with GABAAR-RFP (krSi2) or AChR-RFP
(kr208). Immunoprecipitation of NLG-1-GFP using anti-GFP antibody coimmunoprecipitated GABAAR-RFP (lane 3), but not AChR-RFP (lane 1). As a control,
GABAAR-RFP alone was not immunoprecipitated by anti-GFP antibody (lane 2). M, molecular weight marker.
Samples were analyzed using 4%–20% gradient Precise Protein Gels to separate proteins of different size. The experiments were repeated at least three times.MADD-4. Accordingly, MADD-4B-GFP and NLG-1 extracellular
domain coimmunoprecipitated when expressed in human em-
bryonic kidney 293 (HEK293) cells (Figure 3B). Altogether, these
data demonstrate that the C. elegans punctin is a ligand of
neuroligin.(G) Fluorescence intensity of UNC-49-RFP (krSi2) at NMJs (mean + SEM). Krusk
significant.
(H) Representative traces and mean amplitude of currents evoked by 0.1 mM pre
100 ms application onset. Kruskal-Wallis test (p = 0.60). NS, not significant.
(I) Representative traces, average frequencies, and cumulative amplitude distri
(p = 0.0018) followed by Dunn’s post test. *p < 0.05.
The number of animals analyzed is indicated for (F)–(I). Scale bars, 10 mm. See aTo test if NLG-1 interacts with GABAARs, we performed coim-
munoprecipitation experiments using whole-worm extracts.
GABAARs, but not L-AChRs, were coimmunoprecipitated with
NLG-1-GFP (Figure 3C), indicating that NLG-1 and GABAARs
directly or indirectly interact in a physical complex in vivo.al-Wallis test (p < 0.0001) followed by Dunn’s post test. ***p < 0.001; NS, not
ssure-ejected GABA on muscle cells (error bars, SEM). Arrowheads mark the
bution of mIPSCs at GABAergic NMJs (error bars, SEM). Kruskal-Wallis test
lso Figures S3 and S4.
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Figure 4. UNC-40 Controls GABAAR Clus-
tering
(A and B) GABAAR clusters are labeled with anti-
UNC-49 and GABAergic boutons with anti-GFP
antibodies in wild-type and unc-40(0)(e1430)
nematodes expressing SNB-1-GFP in GABAergic
motoneurons.
(C) Density of GABAergic bouton at ventral
cords in wild-type and unc-40(e1430) animals
(mean + SEM). Student’s t test, p = 0.2477.
(D) Fluorescence intensity of UNC-49-RFP (krSi2)
at NMJs in wild-type and unc-40(0)(e1430) animals
(mean + SEM). Student’s t test, ***p < 0.001.
(E) NLG-1-RFP is detected together with
GABAergic boutons along the nerve cord of unc-
40(0)(e1430) mutants.
(F) Fluorescence intensity of NLG-1-RFP at the
nerve cord (mean + SEM). The one-way ANOVA
test was performed together with Figure 1D data
analysis. *p < 0.05.
The number of animals analyzed is indicated
for (C), (D), and (F). Scale bars, 10 mm. See also
Figure S5.UNC-40 Controls GABAAR Clustering
In parallel to a candidate gene strategy, we undertook a visual
screen for mutants with abnormal distribution of GABAARs
using a single-copy transgene expressing functional fluorescent
UNC-49-RFP subunits under the control of the unc-49 promoter
(Pinan-Lucarre´ et al., 2014). We identified a mutant allele of
the unc-40 gene, the ortholog of DCC (deleted in colorectal can-
cer), a receptor of the guidance molecule UNC-6 (netrin). Inter-
estingly, the short MADD-4B isoform was previously shown to
promote the growth of the postsynaptic muscle dendrites, the
muscle arms, through an UNC-40-dependent pathway (See-
tharaman et al., 2011). We therefore analyzed GABAergic and
cholinergic NMJs in an unc-40 null background. In the ventral
cord, the number of presynaptic GABAergic boutons was similar
to that of the wild-type but the overall content of GABAARs was
reduced by almost 70% (Figures 4A–4D). By contrast, the overall
amount of NLG-1 was reduced by only 20% and formed readily
detectable clusters in front of GABAergic boutons (Figures 4E
and 4F). This indicated that despite the abnormal formation of
muscle arms in unc-40 mutants the differentiation of inhibitory
postsynaptic domains was close to wild-type, therefore sug-
gesting that UNC-40 was required to recruit or stabilize
GABAARs at NMJs. In addition, the amount of AChRs was only
decreased by about 20% at the NMJs of unc-40 (Figure S5),
further suggesting that UNC-40 plays a specific role at
GABAergic NMJs.
MADD-4 Localizes UNC-40 at NMJs through Direct
Interaction
To test if the roles of UNC-40 at NMJs could be explained by the
subcellular localization of UNC-40, we analyzed the distribution1412 Neuron 86, 1407–1419, June 17, 2015 ª2015 Elsevier Inc.of a functional UNC-40-RFP fusion expressed in muscle. UNC-
40 was present at both cholinergic and GABAergic NMJs in the
wild-type (Figure 5A). Removal of MADD-4 short and long iso-
forms caused an almost complete disappearance of UNC-40
at NMJs (Figures 5B and 5E). In madd-4B(0) mutants that only
retain the long isoforms at cholinergic NMJs, UNC-40 was no
longer at GABAergic NMJs but was still present at cholinergic
NMJs (Figures 5C, 5E, and 5F). To test if the positioning of
UNC-40 might result from a direct interaction with MADD-4,
we expressed the extracellular domain of UNC-40 with the
long or short MADD-4 isoforms in HEK293 cells and demon-
strated that UNC-40 interacted with MADD-4L and B isoforms
in coimmunoprecipitation experiments (Figure 5G), in agree-
ment with a recent study (Chan et al., 2014). Altogether, these
data suggest that both the long and the short MADD-4 isoforms
were able to bind and localize UNC-40 in postsynaptic
domains.
To test if the localization of UNC-40 at GABAergic NMJsmight
depend on neuroligin, we visualized UNC-40 in nlg-1(0)mutants.
UNC-40 was readily detected at NMJs, indicating that this pro-
cesswas independent fromNLG-1 (Figures 5D–5F). Additionally,
we tested whether UNC-40 might be required for retaining
MADD-4 at NMJs. MADD-4B and MADD-4L distribution re-
mained unaltered by the loss of UNC-40 (Figures 5H–5K), sug-
gesting that Ce-Punctin acts upstream of UNC-40 to localize it
at the synapse.
MADD-4B Controls an UNC-40 Signaling Pathway that
Promotes the Recruitment of GABAARs by NLG-1
In most cases UNC-40 responds to local concentrations of the
laminin-like protein UNC-6, either alone or in interaction with
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Figure 5. MADD-4 Localizes UNC-40 at NMJs through Direct Interaction
(A–D) Confocal detection of UNC-40-RFP distribution at NMJs of wild-type, madd-4(0)(kr270), madd-4B(0)(tr185), and nlg-1(0)(ok259) animals. juIs1[Punc-
25::SNB-1-GFP] (synaptobrevin-GFP) labels GABAergic boutons.
(E) Fluorescence intensity at the nerve cord in the wild-type and inmadd-4(0)(kr270),madd-4B(0)(tr185), and nlg-1(0)(ok259)mutants expressing UNC-40-RFP in
BWM cells (mean + SEM). Kruskal-Wallis test (p < 0.0001) followed by Dunn’s post test. ***p < 0.001; NS, not significant.
(F) Pearson’s coefficient between the fluorescence levels of SNB-1-GFP (juIs1) and UNC-40-RFP. Data are presented as in Figure 1C. Kruskal-Wallis test
(p < 0.0001) followed by Dunn’s post test. ***p < 0.001; NS, not significant. The number of animals analyzed is indicated for (E) and (F).
(G) The soluble extracellular domain of UNC-40 fused to Fc fragment (UNC-40-Fc, lanes 4 and 5) or the Fc fragment alone (lanes 2 and 3) were coexpressed with
MADD-4A-MYC (lanes 2 and 4) or MADD-4B-MYC (lanes 3 and 5) in HEK293 cells. Immunoprecipitation with Dynabeads Protein G coimmunoprecipitated UNC-
40-Fc andMADD-4A-MYC (lane 4) or MADD-4B-MYC (lane 5). Samples were analyzed using 4%–20% Precise Protein Gels. The experiment was repeated three
times.
(H–K) The localization of MADD-4B-GFP (krEx1069) and MADD-4L-GFP (corresponding to MADD-4A and C isoforms, krIs62) (IF, anti-GFP) is unaffected in
unc-40(0)(e1430) mutants (I and K), as compared to that in the wild-type (H and J). GABAergic boutons are revealed by anti-Myc IF of transgenics expressing
SNB-1-Myc in GABAergic motoneurons. Scale bars, 10 mm.its coreceptor UNC-5 (Chan et al., 1996; Hedgecock et al., 1990;
Leung-Hagesteijn et al., 1992). We therefore tested if these pro-
teins might be involved in GABAAR positioning. We observed a37% decrease of UNC-49-RFP content in the ventral cord of
unc-6mutants, while there was no change in unc-5mutants (Fig-
ure 6A). Because unc-40 and madd-4(0) mutants display moreNeuron 86, 1407–1419, June 17, 2015 ª2015 Elsevier Inc. 1413
AB
Figure 6. MADD-4B Controls an UNC-40
Signaling Pathway that Promotes the
Recruitment of GABAARs
(A) Fluorescence intensity of UNC-49-RFP at
NMJs of wild-type, unc-40(0)(e1430), madd-
4(0)(kr270), unc-6(0)(ev400), unc-5(0)(e53), and
madd-4(0); unc-6(0) animals (mean + SEM). Krus-
kal-Wallis test (p < 0.0001) followed by Dunn’s
post test. ***p < 0.001; NS, not significant.
(B) Fluorescence intensity of UNC-49-RFP in the
wild-type and in unc-40(e1430) mutants express-
ing in BWM cells, full-length and truncated ver-
sions of UNC-40-GFP (mean + SEM). Kruskal-
Wallis test (p < 0.0001) followed by Dunn’s post
test. ***p < 0.001; NS, not significant. IgG, immu-
noglobulin domains; FNIII, fibronectin type III
domains; TM, transmembrane domain; P1-3,
cytoplasmic region containing the P1, P2, and P3
domains; MYR, myristoylation signal.
The number of animals analyzed is indicated.
Scale bars, 10 mm. See also Figure S6.severe GABAAR localization defects than those in unc-6mutants
(Figure 6A), it is tempting to speculate that MADD-4B itself might
activate UNC-40 for GABAAR clustering (Seetharaman et al.,
2011). In amadd-4(0); unc-6 double mutant GABAAR localization
defect was not enhanced as compared to themadd-4(0)mutant
(Figure 6A), likely because in themadd-4(0)mutant UNC-40 is no
longer present at the cords and, consequently, cannot be acti-
vated by UNC-6.
We then expressed truncated UNC-40 isoforms in the muscle
of unc-40 mutants and scored their ability to rescue GABAAR
localization defects. Deletion of the intracellular domain disrup-
ted UNC-40 function (Figure 6B). By contrast a myristoylated
fusion of the intracellular domain of UNC-40, which was shown
to behave as a constitutively active receptor (Gitai et al., 2003),
fully rescued GABAAR localization at the cord, although it was
ubiquitously distributed at BWM cell surface (Figure 6B). These
data strongly suggest that UNC-40 activates an intracellular
signaling pathway that promotes direct or indirect interaction be-
tween GABAARs and the NLG-1 positioned by MADD-4B in front
of GABAergic boutons.
DISCUSSION
The C. elegans Punctin (MADD-4) appears as an essential anter-
ograde organizer of GABAergic synapses (see model in Fig-
ure S6). MADD-4B supports at least two functions required for
proper localization of GABAARs. First, MADD-4B binds and clus-
ters neuroligin in the postsynaptic membrane in register with
GABAergic boutons. Second, it binds, recruits, and likely acti-
vates the netrin receptor UNC-40, which in turn promotes direct
or indirect interaction of GABAARs with neuroligin. This repre-
sents the first pathway that accounts for GABAAR clustering at
the C. elegans NMJs. Interestingly, it is based on molecular
players that have been conserved during evolution and are all ex-
pressed in the mammalian brain.1414 Neuron 86, 1407–1419, June 17, 2015 ª2015 Elsevier Inc.Ce-Punctin, a Neurally Secreted Organizer of
GABAergic Synapses
A cardinal paradigm for the organization of the synapse involves
adhesion molecules such as neurexins and neuroligins that
assemble trans-synaptic complexes and consequently nucleate
the organization of pre- and postsynaptic domains (Siddiqui and
Craig, 2011; Su¨dhof, 2008). In contrast, Ce-Punctin is trans-
ported by kinesin to synaptic boutons and secreted in the synap-
tic cleft (Pinan-Lucarre´ et al., 2014). Several models might ac-
count for the spatial coordination of the pre- and postsynaptic
specializations. First, Ce-Punctinmight bridge the pre- and post-
synaptic membranes through the binding of molecules present
on each side of the synaptic cleft. Such mechanism is best
exemplified by cerebellin (Cbln1), a member of the C1q tumor
necrosis factor superfamily, which is secreted by parallel fibers
in the cerebellum and is required for normal parallel fibers-Pur-
kinjie cell synaptogenesis (Matsuda et al., 2010). Cbln1 is a bidi-
rectional organizer, which links presynaptic neurexins and the
postsynaptic glutamate receptor delta2. Second, Ce-Punctin
might have no specific receptor on the presynaptic membrane,
but the secretion site by the motor neurons would mark the syn-
aptic differentiation site. Proteins of the ADAMTS-like family,
such as ADAMTSL4, engage multiple interactions with compo-
nents of the extracellular matrix, which likely limit their diffusion
(Apte, 2009). Ce-Punctin might therefore accumulate in front of
synaptic boutons and locally trigger postsynaptic differentiation.
Such a mechanism would be reminiscent of the agrin mecha-
nism, which binds Lrp4 and activates MuSK-dependent
signaling to cluster AChRs at mammalian NMJs (Glass et al.,
1996). These models based on bidirectional or anterograde
signaling do not preclude, however, that additional molecules
subsequently engage trans-synaptic interactions to stabilize
the C. elegans GABAergic synapse.
Our data add Ce-Punctin to the short list of proteins that bind
neuroligin ectodomain, including neurexins (Ichtchenko et al.,
1995), thrombospondin 1 (Xu et al., 2010), the MAM-domain-
containing GPI anchor protein MDGA1 (Lee et al., 2013), and
the GluN1 subunit (Budreck et al., 2013). The partnership versa-
tility of neuroligin might account for an apparent paradox of our
current results: we demonstrate that the short Ce-Punctin iso-
form binds NLG-1 and is present at both cholinergic and
GABAergic NMJs inmadd-4L(0)mutants, yet NLG-1 exclusively
remains at GABAergic synapses. This specificity is likely not
dictated by the muscle cell, because inhibitory and excitatory
NMJs do not segregate on distinct muscle arms. Therefore,
additional proteins, such as neurexin, might be expressed by
GABA neurons to stabilize the Ce-Punctin/NLG-1 interaction or
act in parallel with Ce-Punctin to localize NLG-1 at GABA synap-
ses, as suggested by the work of Maro et al. (2015), in this issue
ofNeuron. Alternatively, different posttranslational modifications
might occur in cholinergic and GABAergic neurons that could
differentially control the Ce-Punctin/NLG-1 interaction.
Interestingly, Ce-Punctin is the first member of the ADAMTS-
like family shown to bind neuroligin, but it might share some
features with thrombospondin 1. Thrombospondin 1 was sug-
gested to accelerate synaptogenesis by binding to neuroligin 1
in hippocampal neurons (Xu et al., 2010). Because thrombo-
spondins form multimeric protein complexes, a proposed model
is that thrombospondin 1 may induce synaptogenesis by
causing aggregation of neuroligin 1. Ce-Punctin contains throm-
bospondin type 1 repeats and can undergo homophilic interac-
tion (Pinan-Lucarre´ et al., 2014); therefore we speculate that a
Ce-Punctin multimer could directly aggregate NLG-1 at the
C. elegans inhibitory NMJ.
NLG-1, a Transmembrane Scaffolding Molecule at the
Inhibitory PSD
Neuroligins are evolutionary ancient proteins that are readily de-
tected in bilaterian (Lenfant et al., 2014). In C. elegans NLG-1 is
expressed in multiple types of neurons, and its inactivation
was reported to cause various phenotypes, including sensory
behavior defects and hypersensitivity to oxidative stress (Hunter
et al., 2010; Staab et al., 2014). A function of the neuroligin-neu-
rexin complex was characterized in detail at cholinergic NMJs,
where it was proposed to mediate a retrograde signal that in-
hibits synaptic vesicle release in mutants lacking the microRNA
miR-1 (Hu et al., 2012). Interestingly, this study reported an un-
usual orientation of the complex, with neuroligin at the presynap-
tic site and neurexin at the postsynaptic site of cholinergic NMJs.
To which extent the defects that we identified at GABAergic
NMJs in nlg-1 mutants might interfere with homeostatic regula-
tion of excitatory transmission remains to be investigated.
The central requirement of neuroligin for the clustering of
GABAARs in C. elegans contrasts with the more subtle pheno-
types observed in mouse knockout models. In mammals, neuro-
ligins seem to be involved in the maturation and the stabilization
of synapses rather than acting as essential synaptogenic mole-
cules (Kwon et al., 2012; Su¨dhof, 2008). However, some reports
indicate that neuroligin inactivation has a clear impact on post-
synaptic receptor content in specific brain areas. For example,
analysis of triple neuroligin 1–3 mutant mice indicated a 30%
reduction of GABAAR clusters in the pre-Bo¨tzinger complex
while keeping a normal density of GABAergic boutons (Varo-queaux et al., 2006). Similarly, neuroligin 2 knockout mice
show a selective mistargeting of gephyrin to the plasma mem-
brane and a loss of 40% of GABAAR clusters at perisomatic
inhibitory synapses in the CA1 region of the hippocampus (Pou-
lopoulos et al., 2009). In Drosophila, two neuroligins, dnl1 and
dnl2, are involved in the development and maturation of the
NMJ (Banovic et al., 2010; Sun et al., 2011). More specifically,
dnl2 null mutants display a uniform decrease in glutamate recep-
tor content (of 40%), while dnl1 null mutants have individual
active zones or entire boutons devoid of glutamate receptor field
counterparts. This prominent role of neuroligin as a synaptic
organizer in invertebrate systems might reflect weaker redun-
dancy between parallel pathways contributing to the organiza-
tion of postsynaptic domains.
A Multimolecular Complex in the Postsynaptic
Membrane of C. elegans Inhibitory NMJ
Our study has identified two molecules, neuroligin and UNC-40,
that function in C. elegans muscle to cluster GABAAR at NMJs.
However, our data suggest that additional proteins control
GABAAR localization at these synapses. First, GABAAR clusters
are still detected at the nerve cords of nlg-1 mutants, although
mispositioned and with lower receptor density than that in
wild-type synapses. This is highly reminiscent of the distribution
of L-AChRs inmadd-4(0)mutants that form fragmented clusters
still associated with the clustering molecules LEV-9 and LEV-10
(Pinan-Lucarre´ et al., 2014). Second, we show that the PDZ-
binding domain present at the C terminus of NLG-1 is essential
for NLG-1 function. PDZ-mediated interactions are a character-
istic feature of many scaffolding proteins found at the PSD of
excitatory synapses and allow the nucleation of a network of
high-affinity protein-protein interactions (Siddiqui and Craig,
2011). In contrast, few PDZ domain proteins are present at
inhibitory PSD. The core scaffoldingmolecules gephyrin and col-
lybistin bind neuroligin 2 but are devoid of PDZ domain (Poulo-
poulos et al., 2009). Nonetheless, neuroligin 2 interacts with
the PDZ domain of S-SCAM, which might provide a link to the
dystrophin-associated glycoprotein complex, a transmembrane
signaling complex associated to a subset of GABAergic synap-
ses (Sumita et al., 2007). Because of the functional role of the
PDZ-binding domain of NLG-1 in C. elegans, we anticipate that
at least one PDZ domain-containing protein is involved in
GABAAR clustering at inhibitory NMJs.
Our genetic screen also identified the transmembrane recep-
tor UNC-40 as an important player in the formation of the inhib-
itory PSD. Although UNC-40 colocalizes with GABAARs and
NLG-1 in the postsynaptic membrane and might promote
GABAAR clustering by direct protein-protein interactions, we
favor a model involving an intracellular signaling pathway trig-
gered by the activation of UNC-40. First, UNC-40 does not
localize exclusively with GABAARs, as it is also present at cholin-
ergic NMJs. Second, the reduction of synaptic GABAARs
observed in unc-40 mutants is rescued by the sole intracellular
part of UNC-40, which is diffusely expressed at the muscle
membrane and acts as a constitutively activated receptor.
We propose that activation of UNC-40 by Ce-Punctin or netrin
in the vicinity of the NMJs is sufficient to favor the recruitment
of GABAARs on neuroligin clusters positioned at GABAergicNeuron 86, 1407–1419, June 17, 2015 ª2015 Elsevier Inc. 1415
synapses. This might involve a local reorganization of the cyto-
skeleton, which is known in other systems to control the synaptic
abundance of neurotransmitter receptors (Dai et al., 2000; Shi
et al., 2012; Tyagarajan and Fritschy, 2014). This might also
involve posttranslational modifications of GABAARs or scaf-
folding molecules to promote or stabilize protein-protein interac-
tions. Interestingly, the mammalian ortholog of UNC-40, DCC,
was recently shown to be enriched at dendritic spines of pyrami-
dal neurons in adult mice (Horn et al., 2013). During long-term
potentiation DCC would activate the Src kinase, which would
in turn phosphorylate and enhance NMDA receptor activity.
Consistently, deletion of DCC in the adult forebrain results in
shorter dendritic spines, behavioral defects, and loss of long-
term potentiation. Therefore, besides the extensively studied
function of DCC in cell migration and axonal guidance, evidence
accumulates to support an important role of DCC at synapses
both in invertebrate and vertebrate animals (Colo´n-Ramos
et al., 2007; Horn et al., 2013).
In conclusion, we show that Ce-Punctin is a ligand of the syn-
aptic adhesion molecule neuroligin and of the netrin receptor
UNC-40 (DCC) and functions as a secreted anterograde orga-
nizer of GABAergic synapses. To what extent this pathway is
evolutionarily conserved remains to be tested. However, the
mammalian orthologs of the proteins identified in C. elegans
are expressed in the mammalian brain. According to the expres-
sion maps of the Allen mouse brain atlas (http://mouse.
brain-map.org/), the distribution of ADAMTSL3 mRNA is very
widespread, though not ubiquitous in the adult central nervous
system, and not restricted to inhibitory neurons. Localization
and morphology of the positive cells support an exclusive
neuronal expression of the mRNA. In addition, mutations in
punctin-2 (ADAMTSL3), neuroligins, andDCC are directly or indi-
rectly implicated in neuropsychiatric disorders (Dow et al., 2011;
Grant et al., 2012; Jamain et al., 2003; Su¨dhof, 2008). Whether
Punctin-2 (ADAMTSL3) also interacts with DCC and neuroligins
to control postsynaptic organization in the mammalian nervous
system is therefore a tantalizing hypothesis.
EXPERIMENTAL PROCEDURES
C. elegans Strains
All strains were maintained on nematode growth medium (NGM) agar plates
with Escherichia coli OP50 as a food source at 20C (Brenner, 1974). The
Bristol strain N2 was used as the standard wild-type strain. For the transgenic
lines coinjected with the pIP1302B plasmid that contains the hygromycin
B resistance gene (hygromycin B phosphotranspherase, HygR), 40 mL of
12.5 mg/mL Hygromycin B was added onto OP50 lawn of each 55 mm diam-
eter plate at the F1 generation of injected worms (P0) for transgenic lines selec-
tion and maintenance.
The following mutant alleles and transgenes were used in this study: LGI,
unc-40(e1430), unc-29(kr208-RFP) (Richard et al., 2013), madd-4(kr270)
(Pinan-Lucarre´ et al., 2014), madd-4(kr249) (Pinan-Lucarre´ et al., 2014),
madd-4(ttTi103747) (Pinan-Lucarre´ et al., 2014), andmadd-4(tr185) (Seethara-
man et al., 2011); LGII, krSi2 [Punc-49::unc-49B-RFP] (Pinan-Lucarre´ et al.,
2014); LGIII, unc-49(e407); LGIV, unc-5(e53), juIs1[Punc-25::snb-1-GFP], krSi9
[Pmyo-3::nlg-1-RFP]; and LGX, unc-6(ev400), nlg-1(ok259).
The following transgenic lines were used in this study: krEx1067 [pBP35;
pBP33; pEKL15] (Pinan-Lucarre´ et al., 2014); krEx1069 [pBP36; pBP33;
pEKL15] (Pinan-Lucarre´ et al., 2014); krEx1060, krEx1061, and krEx1062
[pHT25, Pmyo-2::GFP]; krEx1119, krEx1120, and krEx1121 [pHT28,
Pmyo-2::GFP]; krEx1128, krEx1129 and krEx1130 [pHT31, Pmyo-2::GFP];1416 Neuron 86, 1407–1419, June 17, 2015 ª2015 Elsevier Inc.krEx1132, krEx1133, and krEx1134 [pHT29, Pmyo-2::GFP]; krEx1140,
krEx1141, and krEx1142 [KP1786; Pmyo-2::GFP; pIP1302B]; krEx1144 and
krEx1151 [pHT45; Pmyo-2::GFP; pIP1302B; pBP33]; krEx1178, krEx1179, and
krEx1180 [pHT45; pCFJ90; pIP1302B; pBP33]; krEx1181, krEx1182,
and krEx1183 [pAV13; pCFJ90; pIP1302B; pBP33]; krEx1184, krEx1185, and
krEx1186 [pAV12; pCFJ90; pIP1302B; pBP33]; krEx1187, krEx1188, and
krEx1189 [pAV11; pCFJ90; pIP1302B; pBP33]; krEx1190 and krEx1191
[pJTT04; pIP1302B]; and krEx1192, krEx1193, and krEx1194 [KP1791;
Pmyo-2::GFP ; pIP1302B].
krIs62 is an integrated allele obtained by ultraviolet (UV) irradiation of the
krEx1067 line; krIs59 and krIs63 are integrated alleles obtained by g-Ray irra-
diation of the krEx1129 and krEx1119 lines, respectively.
Germline Transformation
Transformation was performed by microinjection of plasmid DNA into the
gonad of C. elegans animals. The transgenic lines used and generated in
this study were described in detail in Supplemental Experimental Procedures.
Plasmids
The constructs used and created in this study were described in Supplemental
Experimental Procedures. The full open reading frames of all constructs were
verified by sequencing in each case. All plasmids and sequences are available
upon request.
Generation of Single-Copy Insertion Allele by Homologous
Recombination
The krSi9 and krSi10 alleles encode nlg-1-RFP and nlg-1-GFP minigenes,
respectively, under the control of the muscle-cell-specific myo-3 promoter
and were generated by MosSCI (Mos1-mediated single-copy insertion) tech-
nique as described previously (Frøkjær-Jensen et al., 2012). The tagRFP or
GFP coding sequence was inserted in the cytoplasmic domain 13 residues
before the C-terminal end of NLG-1 (before the putative PDZ binding motif).
The pJTT05 or pHT57 repair template was injected at 42.5 ng/mL with
pCFJ601 (Peft-3::Mos1 transposase) at 50 ng/mL, the pMA122 negative selec-
tion marker at 10 ng/mL, pGH8 at 10 ng/mL, pCFJ90 at 2.5 ng/mL, pCFJ104
at 5 ng/mL, and 1 kb ladder (New England Biolabs) up to 120 ng/mL into
EG6250 (unc-119(ed3)III; cxTi10882 IV) animals (Frøkjær-Jensen et al., 2012).
Immunofluorescence Staining
Immunofluorescence (IF) stainingwasadapted fromapreviously publishedpro-
tocol (Gendrel et al., 2009). Animalswere freezecrackedandprocessed through
acetone/methanol fixation at20C. A mix of primary antibodies or of second-
ary antibodieswas incubated overnight at 4C. Primary antibodieswere used at
the following dilutions: rabbit polyclonal anti-UNC-38, 1:500 (Gendrel et al.,
2009); rabbit polyclonal anti-UNC-49, 1:500 (Gendrel et al., 2009);mousemono-
clonal anti-UNC-17 (VAChT), 1:1,000 (Gally et al., 2004); mouse monoclonal
anti-GFP (Roche, 11814460001), 1:500; rabbit polyclonal anti-GFP (Molecular
Probes, A11122), 1:1,000; rabbit polyclonal anti-Myc (GeneTex, GTX29106),
1:6,000; and rabbit polyclonal anti-RFP (Invitrogen, R10367), 1:5,000. Second-
ary antibodies included Cy3-labeled goat anti-rabbit IgG used at 1:500 (Molec-
ular Probes, A10520), Cy3-labeled goat anti-mouse IgG at 1:500 (Molecular
Probes, A10521), Alexa 488-labeled goat anti-rabbit IgG (Molecular Probes,
A-11008) at 1:500, and Alexa 488-labeled goat anti-mouse IgG (Molecular
Probes, A-11001) at 1:500. All immunofluorescence staining experiments
were repeated independently at least three times.
Image Acquisition and Fluorescence Quantification
Images were acquired using either a Leica 5000Bmicroscope equipped with a
spinning disk CSU10 (Yokogawa) and a Coolsnap HQ2 camera or a Nikon
Eclipse Ti equipped with a spinning disk CSUX1-A1 (Yokogawa) and an Evolve
EMCCD camera.
For the quantitative analysis of GABAAR fluorescence (krSi2, Punc-49::unc-
49B-RFP), NLG-1-RFP fluorescence (krSi9, Pmyo-3::NLG-1-RFP), or UNC-
40-RFP fluorescence (krEx1190, Pmyo-3::unc-40-RFP) in living worms, young
adult animals were mounted on 2% agarose pads and immobilized using
a mixture of 30 mg/mL 2,3-butanedione monoxime (BDM, Sigma) and 10%
(v/v) polybead microspheres (0.1 mm diameter, Polyscience, 00876-15) in
M9 buffer, and pictures of ventral cords were acquired in 30 mm regions be-
tween the cell bodies of the VD6 and VD7 motoneurons. Quantification of
synaptic GABAAR, NLG-1-RFP, or UNC-40-RFP was achieved as described
previously (Boulin et al., 2012; Pinan-Lucarre´ et al., 2014). For the quantifica-
tion of AChR fluorescence (kr208[unc-29-RFP]) in living worms, young adult
animals were mounted on 2% agarose pads, immobilized using 0.1 M sodium
azide (Sigma) in M9 buffer and pictures of dorsal cords were acquired as
described previously (Pinan-Lucarre´ et al., 2014). Acquisition settings were
the same across genotypes for quantitative analysis. For evaluating the fluo-
rescence level in different genetic backgrounds, each genotype or three inde-
pendent transgenic lines were analyzed on three different days, and the data
were pooled together. Data are presented as a percentage of the mean fluo-
rescence relative to that of the wild-type.
For IF staining, pictureswere acquired in the center of the anterior part of dor-
sal cords of young adult animals. Image reconstruction and merges were ob-
tainedwith ImageJ. All images shownareprojections of 2–15mmdeep zstacks.
Pearson’s Correlation Analysis
The analysis of juxtaposition between GABA presynaptic boutons and post-
synaptic components was adapted from a protocol previously developed for
a colocalization analysis between two receptors (Pinan-Lucarre´ et al., 2014).
We performed this analysis at the anterior part of dorsal cords because
NMJs are less abundant at dorsal cords than at ventral cords and the correla-
tion between pre- and postsynaptic sites is more accurate. Briefly, we first
generated projections of z stacks into single-plane images by using ImageJ.
Regions of 40–90 mm along nerve cords were selected and cropped, and
the background was removed using the Subtract Background plugin of Im-
ageJ (rolling ball radius 50 pixels). The fluorescence intensity along the cords
wasmeasured by using the Plot Profile function of ImageJ. The values of inten-
sity were normalized for each channel to the maximal value of each image. The
distribution of fluorescence intensity in each field was analyzed by using Pear-
son’s correlation coefficient (r). The data are presented as the median and
lower and upper quartiles with whiskers representing 10%–90% range of
Pearson’s correlation coefficients for each genotype. Eventually, the Pear-
son’s correlation coefficients were compared between genotypes using
Mann-Whitney test for two genotypes or using Kruskal-Wallis test followed
by Dunn’s post test for three or more genotypes.
For the correlation analysis between GABA boutons and NLG-1-RFP (Fig-
ure 1C), the fluorescence intensity of each channel was evaluated in living
worms by using juIs1[Punc-25:: snb-1-GFP] and krSi9 [Pmyo-3::nlg-1-RFP],
respectively.
For the correlation analysis between GABA boutons and GABAARs (Fig-
ure 2F), animals were stained by IF using anti-GFP and anti-UNC-49 anti-
bodies to label GABA boutons (juIs1[Punc-25::snb-1-GFP]) and GABAARs,
respectively. The fluorescence profiles of SNB-1-GFP and GABAAR from the
representative pictures are shown in the lower panels of Figures 2A–2E.
For the correlation analysis between GABA boutons and UNC-40-RFP (Fig-
ure 5F), the fluorescence intensity of each channel was evaluated in living
worms by using juIs1[Punc-25::snb-1-GFP] and krEx1190 [Pmyo-3::unc-40-
RFP], respectively.
Structure-Function Analysis of NLG-1
For in vivo NLG-1 structure-function analysis, we evaluated the ability of the
truncated proteins to rescue the GABAAR-RFP (UNC-49-RFP, krSi2) distribu-
tion defect of nlg-1mutant in a blind manner (Figure 3A). The rescue efficiency
was ranked into four categories: full rescue (indistinguishable from the wild-
type), good rescue (GABAAR clusters detected at least in anterior and
posterior parts of the cords), weak rescue (sparse GABAAR clusters observed
only in some part of the cords), and no rescue. For each variant of NLG-1,
several independent transgenic lines were examined: NLG-1-GFP, seven
lines; NLG-1-GFPDEcto, five lines; NLG-1-GFPDCyto, six lines; NLG-1-
GFPDPDZ binding motif, six lines. A chi-square test was used to compare
the difference between groups.
Electrophysiology
Microdissection of C. elegans and electrophysiological methods were per-
formed as described previously (Laine´ et al., 2011). The resistance of recordingpipettes ranged between 3 and 3.5 MU. The bath solution contained (in mM)
150 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, 15 HEPES, and sucrose
to 330 mosm/L (pH 7.2), and the pipette solution (in mM) 125 Kgluconate,
15 KCl, 5 EGTA, 10 HEPES, 1 MgATP, 3 Na2ATP, and sucrose to 329
mosm/L (pH 7.2). All chemicals were obtained from Sigma-Aldrich. All exper-
iments were done at 22C.
Biochemistry
Coimmunoprecipitation experiments using HEK293 cells (Figures 3B and 5G)
or C. elegans extracts (Figure 3C) are described in detail in Supplemental
Experimental Procedures.
Statistical Analysis
Data were analyzed with Prism 6 (GraphPad Software). To compare two
groups, we performed a nonparametric Mann-Whitney test for Figure 1C
and unpaired Student’s t tests for Figures 4C and 4D. For the comparison of
more than two groups, we used nonparametric Kruskal-Wallis tests followed
by Dunn’s post tests except for Figures 1D, 4F, and S4C, where we
used one-way ANOVA tests followed by Tukey’s multiple comparison tests.
A chi-square test was performed for Figure 3A.
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